There have been no reports describing the effects of cancer cell-derived extracellular vesicles (EVs) on threedimensional organoids. In this study, we delineated the proneoplastic effects of esophageal adenocarcinoma (EAC)-derived EVs on gastric organoids (gastroids) and elucidated molecular mechanisms underlying these effects. EVs were identified using PKH-67 staining. Morphologic changes, Ki-67 immunochemistry, cell viability, growth rates, and expression levels of miR-25 and miR-210, as well as of their target mRNAs, were determined in gastroids co-cultured with EAC-derived extracellular vesicles (c-EVs). C-EVs were efficiently taken up by gastroids. Notably, c-EV-treated gastroids were more crowded, compact, and multilayered and contained smaller lumens www.neoplasia.com than did those cultured in organoid medium alone or in EAC-conditioned medium that had been depleted of EVs. Moreover, c-EV-treated gastroids manifested increased proliferation and cellular viability relative to medium-only or EV-depleted controls. Expression levels of miR-25 and miR-210 were significantly higher, and those of PTEN and AIFM3 significantly lower, in c-EV-treated versus medium-only or EV-depleted control groups. Inhibitors of miR-25 and miR-210 reversed the increased cell proliferation induced by c-exosomes in co-cultured gastroids by lowering miR-25 and miR-210 levels. In conclusion, we have constructed a novel model system featuring the co-culture of c-EVs with three-dimensional gastroids. Using this model, we discovered that cancer-derived EVs induce a neoplastic phenotype in gastroids. These changes are due, at least in part, to EV transfer of miR-25 and miR-210.
Introduction
Organoids are currently defined as three-dimensional structures derived from pluripotent stem cells grown from organ-specific tissues that self-organize through self-renewal and tenogenic differentiation [1] . Organoids have thus far been successfully established from murine intestine [2] , liver [3] , pancreas [4] , colon [5] , and prostate [6, 7] , as well as from human small intestine, colon [5] , stomach [8] , and prostate [6, 7] . These organoids can be cultured long term and resemble their patient tissue origins based on whole-genome sequencing [7] , suggesting that they have stable phenotypes and genetic characteristics. Previously, researchers studied gastrointestinal (GI) tract cancers using cell lines and xenografts; however, these previous models were flawed because cell lines were immortalized, while xenografts had organotypic properties. In contrast, GI tissue-derived organoids possess cell typespecific features which can be used to model organogenesis, infection, and malignancy, as well as in drug efficacy and toxicity studies [9] [10] [11] [12] .
Extracellular vesicles (EVs) are secreted from various cells under normal and pathological conditions [13, 14] . One type of EV is the exosome, which originates from the fusion of multivesicular bodies with the plasma membrane [15] and which has a diameter ranging from 30 to 150 nm. Microvesicles, or "ectosomes," are another type of EV ranging in size from 50 to 2000 nm; these structures bud directly from the cell's plasma membrane [16] . A third type of EV comprises apoptotic bodies, which have a larger size, ranging from 1 to 4 mm. Apoptotic bodies are released when apoptotic membrane blebbing occurs during the late stages of programmed cell death [17] . In the current study, we isolated EVs from conditioned medium derived from esophageal adenocarcinoma (EAC) cells using a 0.22-μm filter; thus, the EVs we extracted consisted principally of exosomes and some small microvesicles in this manuscript.
EVs consist of a complex structure enriched in proteins, lipids, and nucleic acids-including messenger RNAs (mRNAs), microRNAs (miRNAs), and DNA [18] . MiRNAs are small noncoding nucleotides, approximately 18 to 23 nucleotides in length, that are widely present in eukaryotic cells. MiRNAs regulate cell proliferation, differentiation, and apoptosis by degrading or inhibiting translation of target mRNA transcripts, leading to inhibition of target gene expression [19] . MiRNAs are involved in embryonic development, normal metabolism, and many human diseases, including tumorigenesis [20] . In the current study, we focused on EV miRNAs as potential transmitters of EV function.
The membrane structure of EVs can block degradation of protein or nucleic acid molecules in EV cargoes from enzymes present in serum or other bodily fluids: for this reason, they have been considered in biomarker development. In addition, due to their stability, they are important mediators in cell-to-cell communication, impacting target cells and regulating their function via autocrine or paracrine mechanisms [21] , a mechanism that is also implicated in many human diseases [22, 23] .
Many scientists have performed research on EVs in cell lines [22, 23] . In the current study, in contrast, we sought to determine mechanisms mediating the interaction of EVs with three-dimensional GI organoids in co-culture. To our knowledge, there have been no reports describing this particular type of interaction. We therefore established and investigated a novel model system based on co-culturing of EVs derived from EAC cells with normal human gastric epithelial organoids (gastroids). In addition, we evaluated the effects of these EVs on inducing a neoplastic phenotype in gastroids. Finally, we assessed whether EV-induced neoplastic changes in gastroids were related to aberrant expression of EV microRNAs, specifically miR-25 and miR-210.
Materials and Methods

Cell Culture and Components of the Final Human Organoid Culture Medium
Human OE33 and SKGT4 EAC cell lines, Het-1A normal esophageal epithelial cells, and human L-Wnt3A and 293T-HA-R-spo1-FC cells were obtained from American Type Culture Collection between 2012 and 2016 and authenticated between 2013 and 2017 by small tandem repeat profiling. All cell lines were cultured for less than 2 months after thawing early-passage cells and were tested for mycoplasma prior to use. We prepared human organoid culture medium consisting of Wnt3A-conditioned medium (CM), R-spondin 1-CM, epidermal growth factor (EGF) (Invitrogen), and additional growth factors, as described [2, 5] .
Organoid Culture And Passage
Five normal human gastric tissues were obtained during upper GI endoscopy at the Johns Hopkins Hospital. All patients provided written informed consent under protocols approved by the institutional review board at the Johns Hopkins University School of Medicine. The diagnosis of normal gastric oxyntic mucosa was confirmed based on pathological evaluation. We cultured and passaged gastroids from normal human gastric epithelial tissues as described [5] .
For co-culturing, we added 50 μl (concentration 10 11 /ml) of EVs to 450 μl of organoid culture medium to make a final concentration of 10 10 EVs/ml (c-EV group). When gastroids were passaged, we performed co-culture of 20 μl of EVs with 50 μl of crypt-Matrigel suspension and then dispensed this 70-μl mixture into a 24-well plate. Finally, we placed the plate in a 37°C incubator to solidify the Matrigel and then pipetted 470 μl of organoid culture medium (with growth factors) and another 30 μl of EVs into the medium for the c-EV group (total 50 μl exosomes). We also set up control gastroids consisting of 500 μl of organoid culture medium alone (medium-only group), as well as a second EV-depleted [EV(−)] control group consisting of 50 μl of supernatant (from EAC-CM depleted of EVs by ultracentrifugation) + 450 μl of organoid culture medium.
EVs Isolation and Identification
EAC cells were cultured for 48-72 hours to allow them to attain over 85% confluence, at which time CM was harvested and centrifuged at 400 × g for 10 min to remove cells and debris; SKGT4 or OE33 CM was stored at a 1:1 ratio at 4°C. EVs were isolated from the supernatants, which were then ultracentrifuged [24] . The EVs were real-time analyzed using a Nanosight nanoparticle characterization apparatus and Nanoparticle Tracking Analysis software.
PKH-67 Staining of EVs
EVs were labeled using PKH-67 Fluorescent Cell Linker kits (Sigma-Aldrich, MO, USA) according to the manufacturer's instructions to track their movement and location. To determine whether EVs were taken up efficiently by gastroids in vitro, we added PKH-67-labeled EVs or medium only (without EVs) to organoid medium. The green fluorescence signal of PKH-67-labeled EVs in living organoids was excited by laser. We observed the locations of EVs and acquired images under a Zeiss AXIO Observer microscope.
EV Transfection
EV quantity was measured based on BCA measurement. First, we suspended 30 μg of EVs in 250 μl of Opti-MEM after ultracentrifugation. We added 2 μl of miR inhibitor or negative control (scrambled miR inhibitor group, 10 μM and 25 μl Opti-MEM in Tube A), placed 1 μl of RNA iMAX and 25 μl Opti-MEM in Tube B, mixed 250 μl of resuspended exosomes (Opti-MEM) with the contents of Tube A and Tube B, and then maintained both for 6 hours at 37°C in an incubator. Finally, we ultracentrifuged and isolated the EVs again, resuspended the EVs using the same amount of PBS as in Opti-MEM, and added them to organoid medium for co-culture.
Cell Viability Assessment
Gastroids were dissolved and digested into single cells using TrypLE Express (Thermo Fisher); then 3000 cells were counted and applied to each 96-well plate for each group prior to 1 day of gastroid treatment. We set another well with organoid medium only as a blank control; there were five duplicate wells in each group. We seeded single cells from dispersed organoids onto 96-well plates (3000 cells/ 100 μl/well) using WST-1 cell viability assay kits (Roche, Mannheim, Germany) according to the manufacturer's instructions.
RNA Extraction and Microarray Assays
EV RNA was extracted using a Total EV RNA and Protein Isolation Kit (Thermo Scientific) according to the manufacturer's instructions.
For total RNA from gastroids, pellets were isolated in Trizol reagent (Thermo Scientific) first and then extracted using an RNeasy Mini Kit (Qiagen) according to the manufacturer's directions.
Human HT-12 v4 Expression BeadChip arrays (Illumina, CA) were used for microarray hybridizations. Five hundred nanograms of total RNA from each of three groups [500 μl of organoid culture medium alone (medium-only group), 50 μl of supernatant (from EAC-CM depleted of EVs by ultracentrifugation) + 450 μl of organoid culture medium (EV(−) group, c-EV group] was amplified and labeled using the Illumina TotalPrep RNA Amplification Kit (AMIL1791, Ambion, TX) as described by the manufacturer's instructions.
qRT-PCR
Two-step quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using RT primers and SYBR Green Supermix (Bio-Rad, CA, USA). The housekeeping gene GAPDH was used as an internal control. The primers used were as follows: PTEN, F: 5′-GCTACCTGTTAAAGAATCATCTGG-3′ and R: 5′-CATGA ACTTGTCTTCCCGT-3′; AIFM3, F: 5′-GCTCATTGTGGGTG CAGGTG-3′ and R: 5′-GGACGGTCGTAGGGAAGGTG-3′; GAP DH, F: 5′-GGTATCGTGGAAGGACTCATGAC-3′ and R: 5′-ATG CCAGTGAGCTTCCCGTTCAG-3′.
For microRNAs, reverse transcription kits (Applied Biosystems) and TaqMan miRNA-specific primers (Life Technologies) were used to synthesize cDNA. MiRNA-specific cDNA was then used for corresponding TaqMan miRNA-specific assays (Assay IDs: miR-21: 000397, miR-25:000403, miR-93:000432, miR-192:000491, miR-210:000512, RNU6B: 001093, Life Technologies) and with TaqMan Universal PCR Master Mix. All data were analyzed according to the 2 −ΔΔCt method.
Organoid Immunohistochemistry (IHC)
For gastroid IHC staining, we embedded organoid specimens in paraformaldehyde-fixed paraffin and cut into 1-to 4-mm sections. Slides were dewaxed and then dehydrated. The sections were incubated with a primary antibody against Ki67 (Ab16667, 1:500 dilution; Abcam, UK) at 4°C overnight. The specimens were washed with PBS and incubated with goat anti-mouse IgG (1:500 dilution; Pierce Biotechnology, Inc., Rockford, IL, USA) for 60 min as secondary antibodies at room temperature. Finally, we stained the organoids using diaminobenzidine tetrahydrochloride (DAB, Sigma, MO, USA) and counterstained them by hematoxylin, and then dehydrated in ethanol. Hematoxylin and eosin (H&E) staining was conducted according to manufacturer's instructions. The slides were read and marked by two independent pathologists, and images were acquired under a microscope.
Statistical Analyses
All experiments were repeated at least three times independently. Data are presented as mean ± SEM. Statistical comparisons were analyzed using Student's t test or one-way ANOVA, with subsequent post hoc multiple comparisons. A value of P b .05 was considered to indicate statistical significance. All tests and P values were two-sided. Statistical analysis was performed using SPSS20.0 software.
Results
Identification of EVs and Screening of EAC-Derived EV miRNAs
First, we isolated EVs from EAC cells and normal esophageal epithelial cells (Het-1A). As previously described [24] , we observed and identified EVs using nanosight tracking analysis ( Figure 1A) , along with immunoblotting for EV marker proteins (CD63). The average size of these exosomes was 141 ± 0.8 nm; their average concentration was 2.55 × 10 11 /ml. In the current report, EVs extracted from EAC cells are termed "c-EVs," while those extracted from Het-1A cells are termed "n-EVs."
An increasing number of studies have established the fact that EV-delivered miRNAs can promote tumor progression and metastasis [25] [26] [27] . MiR-21, miR-25, miR-93, miR-192, and miR-210 in particular are well-known commonly studied oncogenic miRs (oncomiRs), which have also been studied as biomarkers for several types of human cancer [28, 29] . We therefore determined whether EAC-derived EVs contained higher levels of these five onco-miRNAs than did those derived from Het-1A cells by qRT-PCR; results are shown in Figure 1B . Relative to the Het-1A group, there was significantly higher expression of all five miRNAs in the EAC group.
PKH-67 Staining of EVs and Their Uptake by Gastroids
We visualized uptake of exosomes by gastroids using PKH-67 dye after co-culturing PKH-67-labeled EVs with gastroids for 48 hours. As shown in Figure 1C , green fluorescence was observed in gastroids that had been cultured with PKH-67-labeled EVs; there was no green fluorescence in the PKH-67-labeled gastroids cultured without any EVs. This finding suggests that EAC-derived EVs (c-EVs) were taken up into gastroids, even penetrating through Matrigel.
Morphologic Features of Gastroids Co-Cultured with EVs
After co-culturing for 6 weeks, gastroids in the medium-only group (Figure 2 , A and D) or EV(−) group (Figure 2 , B and E) grew as a single thin layer, featuring large lumens and large tubular structures, with budding; in contrast, gastroids in the c-EV group (Figure 2 , C and F) were much more crowded, with smaller lumens, more compactness, and multilayered growth. These findings are consistent with neoplastic morphology [30] .
Ki-67 and H&E Staining of Gastroids
After gastroids were co-cultured with c-EVs for 6 weeks, they were mostly Ki-67 positive ( Figure 3C) , in contrast to the medium-only ( Figure 3A) or EV(−) groups ( Figure 3B ). This finding indicates that c-EVs promoted proliferation of gastroids. Furthermore, H&E staining in the medium-only ( Figure 3D ) or EV(−) ( Figure 3E ) groups revealed regular and well-ordered single cell layers in each organoid, whereas irregular, multilayered, and inconsistent structures with deeply staining, large nuclei were observed in the in c-EV group ( Figure 3F ). This finding indicates that c-EVs induce a neoplastic phenotype in benign gastroids.
WST-1 Cell Viability Assays in EV-Co-Cultured Gastroids
Based on the above findings, we measured cell growth rate quantitatively using WST-1 cell viability assays. As shown in Figure 4 , cell viability was higher in gastroids co-cultured with c-EV than in medium-only or EV(−) groups (P b .05).
Global Gene Expression Assays in EV-Co-Cultured Gastroids
To obtain clues to potential mechanisms underlying the neoplastic phenotype induced by c-EVs in gastroids, we performed microarray assays of mRNA and miRNA expression. Representative results of these experiments are displayed in Table 1 . Notably, several pre-miRNAs were aberrantly upregulated in the c-EV versus the medium-only or EV(−) groups. In particular, miR-25 and miR-210 were the most markedly upregulated (greater than two-fold) in the c-EV group relative to the medium-only and EV(−) groups. This finding is consistent with results of our previous study, wherein we confirmed that miR-25 and miR-210 originated from EVs isolated from EAC cells [24] . This finding suggests that c-EVs delivered miR-25 and miR-210 to gastroids and that these c-EV miRNAs contribute to the observed morphologic changes in gastroids. We therefore focused on these miRNAs for further experiments.
Expression Levels of miR-25, miR-210, and Their Target mRNAs in EV-Co-Cultured Gastroids
To prove that exosomally derived miRNAs exert effects downstream via their target mRNAs, we measured expression of the genes PTEN and AIFM3, which were selected based on Targetscan, miRWalk, and MicroRNA.org as targets of miR-25 and miR-210, respectively. As shown in Figure 5A , miR-25 and miR-210 levels were significantly increased in c-EV-treated gastroids (miR-25 mean fold change normalized to medium-only group, 4.22 ± 0.42, P b .01; miR-210 mean fold change normalized to medium-only group, 3.72 ± 0.56, P b .01). In turn, Figure 5B shows that mRNA levels of PTEN and AIFM3 were significantly decreased in c-EV-treated gastroids (mean fold change of PTEN normalized to medium-only group, 0.58 ± 0.08, P b .01; mean fold change of AIFM3 normalized to medium-only group, 0.62 ± 0.12, P b .01). PTEN and AIFM3 are well-established tumor suppressor genes whose suppression has been shown to contribute to carcinogenesis [31, 32] . Thus, this finding suggests a potential molecular mechanism underlying the observed changes in gastroid phenotype upon treatment with cancer-derived EVs.
Inhibition of miR-25 and miR-210 Reverses the Proliferative Effect of c-EV in Co-Cultured Gastroids
To further investigate whether EV-induced cell proliferation in gastroids was related to EV miR-25 and -210, we transfected miR-25 or miR-210 inhibitors into EVs, respectively, and then co-cultured them with gastroids. There were four groups in this experiment: organoid medium alone group, c-EV group, c-EV + miR25/miR210 inhibitor group, and c-EV + miR25/miR210 scrambled inhibitor group. The cells were then subjected to WST-1 assays and qRT-PCR. Results illustrated that both miR-25 and miR-210 inhibitors reversed the proliferative effects of c-EVs on gastroids ( Figure 6 , A and C, respectively). Moreover, qRT-PCR showed a significant decrease in miR-25 expression and an increase in PTEN expression in miR-25 inhibitor-transfected c-EV-treated gastroids relative to gastroids treated with c-EVs that had not been transfected with a miR-25 inhibitor or with scrambled inhibitor-transfected c-EVs ( Figure 6B) ; similarly, significant downregulation of miR-210 and upregulation of AIFM3 occurred in gastroids co-cultured with miR-210 inhibitortransfected EVs versus gastroids treated with untransfected or scrambled inhibitor-transfected c-EVs ( Figure 6D) . These results imply that c-EVs promote gastroid proliferation, at least in part, by upregulation of c-EV miR-25 and miR-210 and downregulation of their target mRNAs.
Discussion
Although the precise physiologic functions of EVs are still being elucidated, these structures are widely known to function as communicative vectors in the maintenance of homeostasis. Evidence is rapidly accumulating that cancer cell-derived EVs play significant roles in tumor growth and progression via mechanisms involving immunosuppression, microenvironmental perturbation, neoangiogenesis, metastasis, and others [25] [26] [27] . For example, Chowdhury et al. found that prostate cancer-derived EVs alter the differentiation of bone marrow mesenchymal stem cells into a cancer-associated fibroblast-like state by activating the TGF-beta signaling pathway and promoting tumor proliferation and aggressiveness in a 3D co-culture model [33] . Similarly, in a study by Le et al., highly metastatic breast cancer cells Profiling of miRNA expression levels in gastroids treated with organoid medium alone (medium-only group), EAC-CM depleted of EVs (EV(−) group), and EAC-derived EVs (c-EV group). Six miRNAs were upregulated more than two-fold in the c-EV group relative to both the medium-only and EV(−) groups. delivered EVs carrying miR-200 family miRNAs to nonmetastatic breast cancer cells, thereby enhancing lung metastasis [34] . This EV transmitted miR-200 induced mesenchymal-to-epithelial transition by inhibiting miR-200 target genes, including zeb2 and sec23, in nonmetastatic breast cancer cell lines and in murine xenografts models [34] . Based on these and other findings, an emerging consensus holds that EVs derived from cancer cells can confer a tumorigenic and/or metastatic phenotype on cells or tissues not previously possessing those characteristics. In accordance with the above studies, we found that co-cultured EVs with normal gastroids promoted their proliferation and induced neoplastic morphology in them (Figure 2-3) . As intercellular vectors, EVs appear to play a crucial role in communication between tumors and their microenvironment: cancer cells can influence and alter the function of both local and distant nonmalignant recipient cells by delivering cargoes containing oncogenic factors, thereby facilitating tumorigenesis [27] . Accumulating evidence has established that EV-transferred miRNAs are key mediators of cancer cell communication, with complex and powerful components permitting cancer cells to shape their environment [35] . Studies have confirmed horizontal delivery of miRNAs by EVs derived from brain tumors, metastatic breast cancer, melanoma [36] , and lung cancer [37] . In the present study, we focused on EV miRNAs as a prominent molecular mechanism underlying neoplastic changes induced in gastroids by co-culture with EVs. According to our results, the miRNAs exhibiting the greatest fold-change among EV miRNAs were miR-25 and miR-210; therefore, these were chosen for further study.
MiR-25 is a well-characterized oncomiR that is extensively involved in tumor growth and metastasis [38, 39] . Several studies showed that plasma miR-25 levels can serve as a biomarker of poor prognosis in patients with gastric cancer [40, 41] . One well-known target gene of miR-25, phosphatase and tensin homologue (PTEN), represses tumorigenicity by downregulating the highly oncogenic PI3K/Akt signaling pathway [42] . Feng et al. reported that knockdown of miR-25 enhances the sensitivity of liver cancer stem cells, resulting in TRAIL-induced apoptosis via PTEN/PI3K/Akt/ Bad signaling [31] . Furthermore, Zhang et al. proved that EV-transferred miRNAs derived from astrocyte cells promoted metastasis of brain tumor cells by inhibiting expression of PTEN [43] . In accordance with the report by Zhang [43] , we found greater proliferative capacity, upregulation of miR-25, and downregulation of PTEN in c-EV-treated gastroids, which suggest that EVs may promote gastroid proliferation, at least in part, by transmitting EV miR-25, which then targets PTEN (Figures 5 and 6B) .
MiR-210 is another well-characterized onco-miRNA which correlates with epithelial-to-mesenchymal transition in human gastric, colorectal, and ovarian cancer [44] [45] [46] . Bigagli et al. found that exosomal miR-210 derived from human HCT-8 colon cancer cells promoted the adhesion of neighboring metastatic cells. AIFM3 (apoptosis inducing factor mitochondria associated 3) is a gene with homology to apoptosis-inducing factor (AIF) [29] . Two studies showed that AIF induces apoptosis [47] . Yang et al. demonstrated that downregulation of miR-210 induces apoptosis and improves radiosensitivity in human hepatocellular carcinoma cells by increasing the expression of AIFM3 [48] . Similarly, we discovered that c-EVtreated gastroids exhibit increased proliferative activity, increased miR-210 levels, and diminished AIFM3 levels relative to medium-only or EV(−) groups ( Figure 5 ). Furthermore, there were downregulation of miR-210 and upregulation of AIFM3 in gastroids co-cultured with miR-210 inhibitor-transfected c-EVs in contrast to gastroids treated with untransfected or scrambled inhibitortransfected c-EVs ( Figure 6D ). Tumor development and progression can be seen as an imbalance between cellular proliferation and apoptosis [49] . Thus, we speculate that EVs may promote neoplastic change in gastroids via apoptosis suppression, which is in turn mediated by inhibition of AIFM3 by EV transmitted miR-210.
Because of limitations in techniques of EV isolation, it is often difficult to distinguish among different EV types due to lack of specific EV physical and chemical biomarkers; thus, researchers still have difficulty discriminating and identifying functional components in cancer cell-conditioned medium or detailed EV cargo elements (such as proteins, lipids, mRNAs, and miRNAs) [50] . It is still of interest to assess whether EV mRNAs, EV proteins, or other EV oncomiRNAs exert effects on human GI organoids or cause morphologic changes.
In summary, in the current study, we sought to construct a new co-culture model system consisting of EAC-derived EVs and gastroids, as well as to observe the effects and mechanisms of action of EVs on gastroids. We showed that we could establish a model for interaction between EVs and gastroids; furthermore, we discovered that c-EVs promoted proliferation and induced neoplastic phenotypic changes in gastroids. Finally, we found that these effects were mediated, at least in part, by EV miR-25 and miR-210. These results, in the context of the published literature, also suggest that c-EVs may be promising GI cancer biomarkers and potential therapeutic tools, and that miR-25 and miR-210 in particular constitute potential molecular targets in gastric cancer diagnosis and treatment.
